Stanniocalcin 1 (STC1) is a glycoprotein that decreases calcium and increases phosphate in cells/ tissues. This investigation examined endocrine regulation of STC1 in endometria of pigs during the estrous cycle and pregnancy. STC1 mRNA was present exclusively in luminal epithelium (LE) between d 12 and 15 of the estrous cycle, increased between d 12 and d 20, and was not detectable by d 30 of pregnancy. STC1 protein was also detected in uterine flushings. To determine effects of estrogen and progesterone, pigs were ovariectomized and treated with these hormones alone or together. Progesterone, but not estrogen, induced STC1 in LE. Cotreatment with progesterone and estrogen further stimulated STC1 over progesterone alone. To determine effects of pseudopregnancy, nonpregnant gilts were given daily injections of estradiol benzoate from d 11 to d 14. STC1 was not expressed in LE on d 90 of pseudopregnancy, suggesting that the estradiol given to induce pseudopregnancy and/or long-term exposure to progesterone are required for down-regulation of STC1. To determine effects of long-term progesterone, without effects of estradiol, pigs were ovariectomized on d 12, given daily injections of progesterone through d 39, and hysterectomized on d 40 after estrus. STC1 was expressed in LE of progesterone-treated pigs, suggesting that estrogen is involved in down-regulation of STC1. We conclude that STC1 is induced in LE by progesterone and further stimulated by estrogen, and its down-regulation in LE by d 25 likely requires exposure of the progestinized uterus to estrogen. The temporal and cell type-specific expression of STC1 makes this gene a unique marker for implantation in pigs. (Endocrinology  150: 936 -945, 2009) 
Stanniocalcin 1 (STC1) is a glycoprotein that decreases calcium and increases phosphate in cells/ tissues. This investigation examined endocrine regulation of STC1 in endometria of pigs during the estrous cycle and pregnancy. STC1 mRNA was present exclusively in luminal epithelium (LE) between d 12 and 15 of the estrous cycle, increased between d 12 and d 20, and was not detectable by d 30 of pregnancy. STC1 protein was also detected in uterine flushings. To determine effects of estrogen and progesterone, pigs were ovariectomized and treated with these hormones alone or together. Progesterone, but not estrogen, induced STC1 in LE. Cotreatment with progesterone and estrogen further stimulated STC1 over progesterone alone. To determine effects of pseudopregnancy, nonpregnant gilts were given daily injections of estradiol benzoate from d 11 to d 14. STC1 was not expressed in LE on d 90 of pseudopregnancy, suggesting that the estradiol given to induce pseudopregnancy and/or long-term exposure to progesterone are required for down-regulation of STC1. To determine effects of long-term progesterone, without effects of estradiol, pigs were ovariectomized on d 12, given daily injections of progesterone through d 39, and hysterectomized on d 40 after estrus. STC1 was expressed in LE of progesterone-treated pigs, suggesting that estrogen is involved in down-regulation of STC1. We conclude that STC1 is induced in LE by progesterone and further stimulated by estrogen, and its down-regulation in LE by d 25 likely requires exposure of the progestinized uterus to estrogen. The temporal and cell type-specific expression of STC1 makes this gene a unique marker for implantation in pigs. (Endocrinology 150: 936 -945, 2009) S tanniocalcin (STC) is a homodimeric phosphoglycoprotein that regulates calcium and phosphate homeostasis. It was first identified in fish in which it acts on gills to reduce influx of calcium from the aquatic environment, on the kidneys to promote reabsorption of phosphate and chelate excess calcium, and on the gut to inhibit calcium uptake across the intestinal epithelium (1) (2) (3) (4) (5) . Stanniocalcin 1 (STC1), a mammalian ortholog of fish STC, has relatively high amino acid sequence identity (ϳ50%) with fish STC and similarly regulates intracellular calcium and inorganic phosphate levels in the intestine (2, 6) and kidney, in part through stimulation of sodium-phosphate cotransport activity (5, (7) (8) (9) . STC1 is also expressed in uteri of pregnant mice and sheep (10, 11) . In mice, Stc1 mRNA increases in stromal cells adjacent to the uterine lumen at implantation sites. After implantation, expression shifts to cells of the mesometrial lateral sinusoids and declines thereafter. Interestingly immunoreactive Stc1 accumulates in uterine epithelial, stromal, and decidual cells as well as trophoblast giant cells of mice (11) . In sheep, expression of STC1 mRNA is induced by progesterone (P4) and increased by placental hormones (ovine placental lactogen and ovine GH1) in endometrial glandular epithelium from d 18 through d 120 of gestation. Immunoreactive STC1 is present in the endometrial glands and accumulates in areolae of the placenta, which transport uterine gland secretions across the pla-centa and into the fetal-placental circulation (10) . The temporal and spatial patterns of gene expression for STC1 in mice and sheep suggest roles in regulating endometrial remodeling as well as growth and differentiation of the fetus and placenta (10, 11) . However, expression and regulation of STC1 in the uteri of other mammals has not been investigated.
Pig implantation and placentation differ from that in both rodents and sheep because pigs have a true epitheliochorial placenta in which uterine luminal epithelium (LE) is intact throughout pregnancy. Porcine placental trophectoderm directly attaches to the LE and serves as the conduit for maternal hematotrophic and histotrophic support for conceptus (embryo/ fetus and associated extraembryonic membranes) growth, and development (12, 13) . Uterine endometrial functions during the periimplantation period of pregnancy in this species are uniquely regulated through interacting effects of P4 from the corpus luteum (CL) and estrogens from the conceptus, with estrogen (E2) being the pregnancy recognition signal that redirects prostaglandin F 2␣ secretion from an endocrine (toward uterine vasculature) to an exocrine (toward the uterine lumen) mode during which it is sequestered and metabolized to prevent luteolysis of the CL (14 -17) . Therefore, pigs provide a valuable comparative model to analyze implantation/placentation-associated gene regulation. Significant insights into the fundamental physiological roles of several genes including IGF1 (18 -20) , fibroblast growth factor 7 (FGF7; also termed keratinocyte growth factor) (21) (22) (23) and secreted phosphoprotein 1 (SPP1; also known as osteopontin) (24 -26) have been gained from studies of hormonal regulation of temporal and spatial expression of these genes in pig uteri.
The present studies were conducted to determine whether the STC1 gene is expressed in the porcine uterus and placenta and determine the effects of pregnancy, P4, and E2 on STC1 expression in the endometrium. Results of these studies indicate that STC1 is induced by P4, initially stimulated by E2 in endometrial LE of pregnant pigs at implantation sites, and later inhibited by the combined effects of E2 and P4, which strongly suggests that STC1 has a biological role(s) in regulating uterine receptivity for conceptus attachment during implantation.
Materials and Methods

Animals and tissue collection
Sexually mature gilts of similar age, weight, and genetic background were observed daily for estrus (d 0) and exhibited at least two estrus cycles of normal duration (18 -21 d) before being used in these studies. All experimental and surgical procedures were in compliance with the Guide for Care and Use of Agricultural Animals in Teaching and Research and approved by the Institutional Animal Care and Use Committee of Texas A&M University.
Experimental design
Study 1
To evaluate the effects of pregnancy on uterine STC1 expression, gilts were assigned randomly to either cyclic or pregnant status. Those in the pregnant group were bred when detected in estrus and 12 and 24 h thereafter. Gilts were ovariohysterectomized on either d 9, 12, or 15 of the estrous cycle or d 9, 12, 13, 14, 15, 20, 25, 30, 35, 40, 60 or 85 of pregnancy (n ϭ 3 pigs/d per status). For confirmation of pregnancy and to obtain uterine flushings before implantation, the lumen of each uterine horn was flushed with 20 ml physiological saline on d 9 -15 of pregnancy and the estrous cycle and examined for the presence of morphologically normal conceptuses.
Study 2
To evaluate the interactions between P4 and E2 on uterine STC1 expression, 16 gilts were ovariectomized on d 4 after the onset of estrus and assigned randomly to be treated daily at 0700 h from d 4 through d 12 with; 1) corn oil (CO) alone (n ϭ 3 gilts); 2) estradiol benzoate (E2; 5 mg in CO/d) alone (n ϭ 3 gilts); 3) P4 (200 mg in CO; Sigma, St. Louis, MO) alone (n ϭ 5 gilts); or 4) P4 plus estradiol-17␤ (E2; 100 g; Sigma; n ϭ 5 gilts). The doses of hormones used are known to be sufficient for maintenance of pregnancy in ovariectomized gilts (27, 28) and induce pseudopregnancy in pigs (17) . All gilts were ovariohysterectomized on d 12 after the onset of estrus.
Study 3
To evaluate the effects of E2-induced pseudopregnancy, i.e. longterm maintenance of CL and P4 stimulation of the uterus, on uterine STC1 expression, gilts were detected in estrus (d 0) and at this time assigned randomly to receive im injections of E2 (E2 in CO/d; n ϭ 7) or CO alone (n ϭ 4) on d 11-14 of the estrous cycle. Four CO-and four E2-treated gilts were ovariohysterectomized on d 15, and the three remaining E2-treated gilts were ovariohysterectomized on d 90 of pseudopregnancy.
Study 4
To evaluate the effects of long-term P4 treatment without effects of exogenous E2 on uterine STC1 expression, gilts were ovariectomized on d 12 of the estrous cycle and assigned randomly to receive daily injections (im) of either 4 ml CO or 200 mg P4 (200 mg in CO) on d 12-39 after estrus (n ϭ 4/treatment). All gilts were hysterectomized on d 40 after estrus.
At hysterectomy, several sections (ϳ0.5 cm) from the middle of each uterine horn were fixed in fresh 4% paraformaldehyde in PBS (pH 7.2) and embedded in Paraplast-Plus (Oxford Laboratory, St. Louis, MO). The remaining endometrium was physically dissected from the myometrium, frozen in liquid nitrogen, and stored at Ϫ80 C for RNA extraction. Uterine flushings from studies 1 and 4 were clarified by centrifugation (3000 ϫ g for 30 min at 4 C) and frozen at Ϫ80 C until analyzed by Western blotting.
RNA isolation
Total cellular RNA was isolated from endometrial tissue samples using Trizol reagent (Invitrogen, Carlsbad, CA) according to the manufacturer's recommendations. The quantity and quality of total RNA was determined by spectrometry and denaturing agarose gel electrophoresis, respectively.
Cloning of partial cDNAs for porcine endometrial STC1
A partial cDNA for porcine STC1 mRNA was amplified by RT-PCR using total RNA from d 15 pregnant porcine endometrial tissues using specific primers based on the porcine STC1 mRNA (GenBank accession no. EU086592; forward, 5Ј-TCC AGA TCC ACA TCT TCA CG-3Ј; reverse, 5Ј-CAT CCG CTG GAA AGT AGA GC-3Ј). PCR amplification was conducted as follows for porcine STC1: 1) 95 C for 5 min; 2) 95 C for 45 sec, 56.5 C for 1 min, and 72 C for 1 min for 35 cycles; and 3) 72 C for 10 min. Partial porcine STC1 cDNA was cloned into pCRII using a T/A cloning kit (Invitrogen), and their sequences were verified using an ABI PRISM dye terminator cycle sequencing kit and ABI PRISM automated DNA sequencer (PerkinElmer Applied Biosystems, Waltham, MA). Antisense STC1 RNA probes were generated by linearizing the pCRII-STC1 plasmid with XbaI and in vitro transcription with SP6 RNA Endocrinology, February 2009, 150(2):936 -945 endo.endojournals.orgpolymerase and sense RNA probes were generated using BamHI and T7 RNA polymerase.
Slot blot hybridization analyses
Steady-state levels of STC1 mRNA in porcine endometria were assessed by slot blot hybridization as described previously (29) . Radiolabeled antisense porcine STC1 cRNA probe was generated by in vitro transcription using a linearized plasmid template, RNA polymerases, and [␣-
32 P]uridine 5-triphosphate. Denatured total endometrial RNA (20 g) from each gilt was hybridized with radiolabeled RNA probes. To correct for variation in total RNA loading, a duplicate RNA slot membrane was hybridized with radiolabeled antisense 18S RNA (pT718S; Ambion, Austin, TX). After washing, the blots were digested with ribonuclease A and radioactivity associated with slots quantified using a Typhoon 8600 MultiImager (Molecular Dynamics, Piscataway, NJ).
In situ hybridization analyses
Location of mRNA in sections (5 m) of porcine uteri was determined by radioactive in situ hybridization analysis as described previously (30) . Radiolabeled antisense or sense RNA probes were generated by in vitro transcription using linearized plasmid template, RNA polymerases, and [␣- 35 S]uridine 5-triphosphate. Deparaffinized, rehydrated, and deproteinated uterine tissue sections were hybridized with radiolabeled antisense or sense RNA probes. After hybridization, washing, and ribonuclease A digestion, slides were dipped in NTB-2 liquid photographic emulsion (Kodak, Rochester, NY), and exposed at 4 C for 1 wk. Slides were developed in Kodak D-19 developer, counterstained with Gill's hematoxylin (Fisher Scientific, Fairlawn, NJ), and then dehydrated through a graded series of alcohol to xylene. Coverslips were then affixed with Permount (Fisher). Images of representative fields were recorded under bright-field or dark-field illumination using a Nikon Eclipse 1000 photomicroscope (Nikon Instruments Inc., Lewisville, TX) fitted with a Nikon DXM1200 digital camera. Digital photomicrographs of autoradiographic film overviews were recorded using an Axioplan 2 microscope (Carl Zeiss, Thornwood, NY) interfaced with an Axioplan HR digital camera and Axiovision 4.3 software. Photographic plates were assembled using Adobe Photoshop (version 6.0; Adobe Systems Inc., San Jose, CA).
Western blot analyses
Uterine flushings from studies 1 and 4 were concentrated using Centricon-3 columns (Amicon, Beverly, MA). Protein concentration was determined using the Bradford protein assay (Bio-Rad, Hercules, CA) with BSA as the standard. Proteins were denatured and separated by 12% SDS-PAGE, and Western blot analysis was performed as described previously (31) using enhanced chemiluminescence detection (SuperSignal West Pico; Pierce, Rockford, IL) and X-OMAT AR x-ray film (Kodak). Immunoreactive STC1 protein was detected using the rabbit antihuman STC1 antiserum (11) . Multiple exposures of each Western blot were performed to ensure linearity of chemiluminescent signals. Western blots were quantified by measuring the intensity of light emitted from correctly sized bands under UV light using a ChemiDoc EQ system and Quantity One software (Bio-Rad).
Statistical analyses
All quantitative data were subjected to least-squares regression analyses (ANOVA) using the General Linear Models procedures of the Statistical Analysis System (SAS Institute, Cary, NC). Slot blot hybridization data were corrected for differences in sample loading using the 18S rRNA data as a covariate. Data from study 1 (d 9, 12, and 15) were analyzed for effects of day, pregnancy status (cyclic or pregnant), and their interaction. A separate analysis of effects of day of pregnancy was also performed (d 9, 12, 13, 14, 15, 20, 25, 30, 35, 40, 60 , and 85). Effects of day were determined by regression analysis. For all other studies, effects of treatment were determined by preplanned orthogonal contrasts. All tests of significance were performed using the appropriate error terms according to the expectation of the mean squares for error. Data are presented as least squares means with overall SEs.
Results
STC1 increases in the endometrial LE of pregnant gilts during the periimplantation period (study 1)
Steady-state levels of STC1 mRNA in endometria of cyclic and pregnant gilts were determined by slot blot hybridization analysis (Fig. 1) . STC1 mRNA was affected (P Ͻ 0.05) by day, status, and day ϫ status interaction for d 9, 12, and 15 because values were greater on d 12 and 15 for pregnant than cyclic gilts (day ϫ status, P Ͻ 0.05) but low and not affected by day in cyclic gilts between d 9 and 15. However, in pregnant gilts, STC1 mRNA increased 53-fold between d 9 and 14 (P Ͻ 0.01) and then declined to d 25. After d 25, STC1 mRNA was not detected in any uteri on any day of gestation evaluated.
In situ hybridization analysis revealed cell type-specific expression of STC1 mRNA in endometria of cyclic and pregnant gilts (Fig. 2, A and B) . In cyclic gilts, STC1 mRNA was detected at low abundance in the endometrial LE on d 12 and 15. In pregnant gilts, STC1 mRNA was abundant in endometrial LE on d 12-20 but not in any other uterine or placental cell type, including glandular epithelium (GE), stroma, myometrium, blood vessels, immune cells, or conceptus trophectoderm. Collectively, slot blot and in situ hybridization analyses indicate that STC1 mRNA expression is localized to, and increased significantly, in LE during the periimplantation period of pregnancy in pigs.
Western blot analysis of proteins in uterine flushings from cyclic and pregnant gilts using rabbit antihuman STC1 immunoglobulin detected a single protein of approximately 25 kDa (Fig. 3) . Immunoreactive STC1 protein was detected in uterine flushings from d 12 to d 15 of the estrous cycle and was more abundant in uterine flushings from d 13 to 15 of pregnancy. These results indicate that STC1 is synthesized in LE and secreted into the uterine lumen of cyclic and pregnant pigs, with secretion higher during the periimplantation period of pregnancy.
P4 and E2 regulate STC1 mRNA in the endometrial LE of the porcine uterus (study 2)
In pigs, SPP1 and FGF7 are expressed in the endometrial LE and regulated by P4 and/or E2 during the periimplantation period of pregnancy (21, 23, 25, 26) . Therefore, study 2 was conducted to determine effects of P4 and E2 on expression of STC1 mRNA in endometrial LE (Fig. 4) . As illustrated in Fig. 4A , treatment with P4 induced STC1 mRNA in the endometrium (CO alone vs. P4 alone, P Ͻ 0.05), and its abundance was further increased by treatment with E2 (P4 alone vs. P4ϩE2, P Ͻ 0.04). Treatment with E2 alone had no effect on STC1 mRNA abundance (CO alone vs. E2 alone, P Ͼ 0.1). In situ hybridization analysis revealed that STC1 mRNA was induced only in the endometrial LE of gilts treated with P4 and abundance was further increased by E2 (Fig. 4B) .
STC1 mRNA expression in endometria of pseudopregnant pigs (study 3)
To evaluate the effects of pseudopregnancy on STC1 mRNA expression in endometria of pigs, study 3 was conducted using a validated, E2-induced, pseudopregnant pig model (17) . As illustrated in Fig. 5A , levels of STC1 mRNA in gilts treated with CO alone, and gilts treated with E2 to induce pseudopregnancy, were not different on d 15 (CO alone vs. E2 alone, P Ͼ 0.1). However, STC1 mRNA was less abundant in gilts on d 90 than on d 15 of pseudopregnancy (P Ͻ 0.05). In situ hybridization analysis revealed that STC1 mRNA was present in the endometrial LE of gilts treated with CO or E2 on day 15, but it was not detectable in uterine LE of gilts on d 90 of pseudopregnancy (Fig. 5B) . These results suggest that the E2 used to induce pseudopregnancy and/or prolonged exposure to P4 during pseudopregnancy may result in downregulation of STC1 mRNA and that a conceptus factor, other than E2, is not required for down-regulation of STC1 mRNA in endometrial LE.
Long-term treatment with progesterone alone induces and maintains STC1 mRNA in the endometrial LE of the porcine uterus (study 4)
To evaluate the effects of long-term P4 treatment, in the absence of E2, on uterine STC1 mRNA expression, pigs were ovariectomized on d 12 when concentrations of circulating P4 from the CL are greatest during the estrous cycle and then treated daily with im injections of P4 or CO from d 12 through d 39. As illustrated in Fig. 6A , long-term treatment of gilts with P4 increased STC1 mRNA in the endometrium (P4 vs. CO, P Ͻ 0.001). In situ hybridization analysis detected STC1 mRNA only in endometrial LE of gilts treated with P4 (Fig. 6 , B and C). Consistent with slot blot and in situ hybridization analyses, immunoreactive STC1 protein was detected in uterine secretions from P4-treated (Fig. 6D) but not CO-treated gilts. These results indicate that P4 alone can induce and maintain endometrial STC1 in the absence of ovarian and/or conceptus factors.
Discussion
STC1, a glycoprotein that functions to maintain intracellular calcium and phosphate homeostasis, has been implicated to play a role in implantation in mice and sheep (10, 11) . Results of the present study establish temporal and cell type-specific expression of STC1 in uterine LE at the uterine-conceptus interface during the period of conceptus attachment to uterine LE for implantation in pigs, i.e. d 12-25 of pregnancy. Furthermore, endocrine regulation of STC1 expression by uterine LE during the periimplantation period in pigs indicates that it is induced by P4 from the CL and stimulated by E2 from elongating pig conceptuses. However, exposure of the progestinized uterus to E2, but apparently not another conceptusderived factor(s), appears necessary over the longer term to down-regulate expression of STC1 in uterine LE by d 25 of pregnancy. Clearly, STC1 may be involved in implantation through effects on uterine receptivity, remodeling of trophectoderm for conceptus elongation, and perhaps changes in endothelial cell morphology in blood vessels of the yolk sac and/or uterus of the early pregnant pig (32) .
In to 114 (term) (34, 35) ], with each occurring after expression of progesterone receptors (PGRs) by uterine epithelia has been down-regulated. In response to the initial production of E2 between d 11 and 13, the uterus releases large amounts of secretory products into the uterine lumen from secretory granules that have accumulated in LE and superficial GE in the early luteal phase (36) . Then there is a decrease in secretion of a number of proteins by the pig uterus between d 16 and 30 when the ratio of E2 to P4 is high (27, 28, 37) . This is followed by high rates of uterine secretion between d 35 and 80 when the ratio of E2 to P4 is lowest and then decreasing expression of uterine proteins from d 90 to d 114 (term) as the E2 to P4 ratio increases (34, 38, 39) . Thus, there is precedence for differential response of the uterus with respect to gene expression based on the influences of E2 and P4 on uterine endometrial cells (27, 28, 35, 37) .
P4, the hormone of pregnancy, plays a critical role in control of temporal and spatial (cell specific) changes in gene expression within the uterus (40) . Microarray analyses have identified and corroborated changes in expression of a number of genes in uteri of rodents, primates, and sheep (41) (42) (43) . To date, similar microarray data for pigs is lacking; however, P4 increases expression of vascular endothelial growth factor (44), ␣4, ␣5, and ␤1 integrin subunits (45) , swine leukocyte antigens 1, 2, 3, and ␤2-microglobulin (B2M) (46) , and FGF7 (21) in uterine LE during the periimplantation period in pigs. Temporal and spatial expression of STC1 in uterine LE is similar to that for FGF7 (21) (22) (23) because both genes are induced in the LE in response to P4. P4 affects FGF7 expression via activation of PGR (21), which ultimately results in down-regulation of PGR in LE and GE immediately before implantation in pigs, as is the case for all mammals in which this has been studied, including sheep, cattle, pigs, human, western spotted skunk, and rodents (for reviews, see Refs. 47, 48) . Because PGR in pigs is down-regulated in endometrial LE and GE by d 10 of the estrous cycle and pregnancy but maintained in stromal cells and myometrium (49) , the endocrine effects of ovarian P4 on endometrial LE expression of STC1 may be mediated indirectly by either P4-induced paracrine-acting factors (progestamedins) produced by PGR-positive stromal cells or by induction of factors in LE that down-regulate PGR to either induce or stimulate expression of endometrial genes (50 -52) . Perhaps the STC1 gene is repressed by liganded PGR, and this repression is removed due to P4-induced down-regulation of PGR that occurs after d 10 of the estrous cycle and pregnancy. In cyclic pigs, expression of STC1 is limited to d 12 and 15 when PGR are absent from LE and GE, and STC1 expression ceases with return of expression of PGR in uterine epithelia of pigs after d 15 (49) .
Given that STC1 expression is first observed in endometrial LE at d 12, and increases to maximal levels by d 14 -15, which is associated with the onset of and increases in E2 production by conceptuses (33, 34, 53) , we hypothesized that E2, produced by elongating conceptuses on d 11-13 has a role in maximally upregulating expression of STC1. In the porcine uterus, endometrial functions during the periimplantation period are primarily regulated by estrogens, which serve as the maternal recognition signal to redirect prostaglandin F 2␣ secretion from the uterine vasculature (endocrine secretion) into the uterine lumen (exocrine secretion) to prevent CL regression (14 -17) . Accordingly, estrogen receptor-␣ is abundant in uterine LE of pigs through d 12 of pregnancy (51) . Several genes are induced in uterine LE of pigs by E2 when P4 is present to down-regulate PGR, including FGF7, SPP1, aldo keto-reducing family 1 member B1 (AKR1B1), cluster of differentiation 24 (CD24), neuromedin-␤ (NMB), signal transducer and activator of transcription 1 (STAT1), and interferon regulatory factor 2 (IRF2). It is likely that these genes have roles in establishment of pregnancy, release of histotroph from uterine epithelia into the uterine lumen, and effects on conceptuses to stimulate trophectoderm cell proliferation, attachment and development (22, 24, 26, 54, 55) . In the present studies, cotreatment of ovariectomized gilts with E2 and P4 stimulated STC1 expression to maximal levels in the uterine LE.
Studies 3 and 4 compared long-term effects of P4 from CL, after induction of pseudopregnancy with injections of E2, with long-term P4 treatment of ovariectomized pigs without E2 administration. For pseudopregnant pigs, STC1 mRNA was detected on d 15 but not on d 90 in endometrial LE. However, uterine LE of pigs treated with P4 alone expressed high levels of STC1 mRNA on d 40. This suggests that E2 of conceptus origin (study 1) or injected (study 3) acts on the progestinized endometrium and, through an unidentified mechanism, this is necessary for subsequent down-regulation of STC1 in LE. In comparing results of studies 1 and 3, there is no evidence that conceptusderived factors other than E2, such as interferon-␥ (IFNG) and -␦ (IFND) (56) , and IL-1␤ (IL1B) (57) , are also involved in down-regulation of STC1 in LE by d 25, although effects of unidentified ovarian factors cannot be ruled out. Therefore, E2 of conceptus origin or injected to induce pseudopregnancy is likely involved in down-regulation of STC1 in LE, perhaps by initiation of a hormonal servomechanism involving P4, similar to that proposed for sheep (58) . The mechanism(s) by which E2 affects down-regulation of STC1 is unknown. However, the present results indicate that P4 and E2 initially increase STC1 in LE, but their influence appears to program the endometrium to eventually decrease STC1 to limit its expression to the attachment phase of implantation in pigs. The results of studies 3 and 4 indicate a unique role for E2 in regulation of expression of genes in uterine LE of pigs.
The presence of STC1 in uterine luminal fluids supports a possible role(s) in ion transport within trophectoderm and LE
FIG. 4.
Effects of P4 and E2 on STC1 mRNA in porcine endometria (study 2). A, Steady-state levels of STC1 mRNA in endometria were determined by slot blot hybridization analysis. The asterisk denotes an effect of treatment (*, P Ͻ 0.05; **, P Ͻ 0.01). Treatment with P4 induced STC1 mRNA in the endometrium, which was further stimulated in gilts receiving P4 and E2. B, STC1 mRNA was localized in pig endometria by in situ hybridization analysis. Corresponding bright-field and dark-field images from different treatments hybridized with radiolabeled antisense RNA probe are shown. A representative section hybridized with radiolabeled sense RNA probe (SENSE) serves as a negative control and is shown in Fig. 2 . STC1 mRNA expression was induced only in the endometrial LE of gilts treated with P4 and was further stimulated by the addition of E2. S, Stroma. Scale bar, 10 m.
FIG. 5.
Effects of pseudopregnancy on STC1 mRNA expression in porcine endometria (study 3). A, Steady-state levels of STC1 mRNA in endometria were determined by slot blot hybridization analysis. The asterisk denotes an effect of treatment (*, P Ͻ 0.05). Treatment with E2 had no effect over treatment with CO on STC1 mRNA levels in endometria on d 15, and STC1 mRNA abundance was lower in gilts treated with E2 on d 90 of pseudopregnancy. B, STC1 mRNA was localized in pig endometria by in situ hybridization analysis. Corresponding bright-field and dark-field images from different treatments hybridized with radiolabeled antisense RNA probe are shown. A representative section hybridized with radiolabeled sense RNA probe (SENSE) serves as a negative control and is shown in Fig. 2 . Low levels of STC1 mRNA were present in d 15 endometrial LE of gilts treated with E2 or CO. However, STC1 mRNA was not present in uterine LE of E2-treated gilts at d 90 of pseudopregnancy. S, Stroma. Scale bar, 10 m. cells. A 25-kDa form of STC1 was present in uterine flushings from both cyclic and pregnant pigs obtained on d 12-15, with levels significantly increased in flushings from pregnant compared with cyclic gilts. Furthermore, prolonged treatment of gilts with P4-induced synthesis and secretion of STC1 by endometrial LE. As such, STC1 is grouped with SPP1 and FGF7 as proteins synthesized and secreted by pig endometrial LE during the periimplantation period (23, 25) . Specific in vivo roles for these genes have not been elucidated, but FGF7 increases in vitro proliferation and differentiation of trophectoderm cells (22) , and SPP1 immobilized on polystyrene serves as a cell attachment factor in porcine trophectoderm cell cultures (Johnson, G., unpublished results). Similarly, secreted STC1 may act on or be taken up by trophectoderm and LE to affect conceptus survival, growth, implantation, and development.
In pigs, total recoverable calcium in uterine flushings increases abruptly from 0.1 mg on d 10.5 to 1.5 mg on d 11 to 12 and returns to basal levels by d 14 of pregnancy, whereas values vary randomly between 0.2 and 0.5 mg between d 10.5 and 14 of the estrous cycle. The increase in total calcium in uterine flushing occurs coincidentally with production of E2 by elongating blastocysts (36, 59) . Furthermore, injection of E2 to induce pseudopregnancy also increases calcium content in uterine flushings over that for control pigs (60, 61) . Therefore, cumulative results suggest that E2 production by tubular and early filamentous blastocysts increases free calcium within the uterine lumen, and this same estrogen stimulates maximal secretion of STC1 protein from the porcine endometrium. STC1 may then enhance transport of intracellular calcium to the lumen, resulting in increased levels of free calcium that mediate uterine secretion of multiple proteins that compose histotroph (for review see Refs. 36, 55, 61) . Indeed, it is known that estrogens affect movement of calcium in cells of rats (62) and into the uterine lumen of pigs (36, 59 -61) in which it can activate enzymes such as phospholipase A2 to initiate phospholipid metabolism (63) . The release of free arachidonic acid allows for increased production of prostaglandins required for establishment of pregnancy in pigs (64) . There is also the generation of lysophosphatidic acid associated with cell survival, cell proliferation, angiogenesis, and cell migration in reproductive tissues (65) . Other functions of phospholipase A2 and arachidonic acid are to allow membranes of secretory vesicles within uterine LE and superficial GE of pigs to fuse to the plasma membrane for release of the contents of the secretory vesicles into the uterine lumen, a phenomenon referred to as stimulus-secretion coupling (36, 66, 67) . A striking difference between uterine expression of STC1 in pigs, compared with sheep and mice, is its unique temporal and spatial association with the attachment phase of implantation. In sheep, STC1 is first observed in uterine GE on d 18 of pregnancy, well after the initial stages of conceptus attachment (10) . Expression in uterine GE then continues to increase at later stages of placentation through d 120 of pregnancy (10) . In mice, similar to pigs, Stc1 is localized to the endometrial LE when the conceptus attaches to the uterine LE (11) . However, similar to sheep, mouse Stc1 continues to be expressed during later stages of placentation, when expression shifts from LE to mesometrial stromal cells bordering the uterine lumen and eventually moves to the mesometrial lateral sinusoids (11) . It is unknown why pigs differ from sheep and mice by limiting STC1 expression only to the periimplantation period of pregnancy, but it is important to note that pigs have true epitheliochorial placentation, which results in profound differences in uterine gene expression compared with that in species with more invasive forms of implantation (25, 26, 46, 54, 68) . Future studies will investigate the various roles suggested for STC1 in implantation in pigs. Regardless of its potential for multiple roles in early pregnancy, the temporal and cell type-specific expression of STC1 in endometrial of pregnant pigs make it a unique marker for conceptus attachment during implantation in pigs.
